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s report although prepamd by the authors, represents the e f fo r t s  of 
The resu l t s  of these e f fo r t s  groups over the past  several  months, 

e s s m  Lunar Hover ayld. Landing Simulation Program. 
groups contribute great ly  t o  the simulation program: 

The 

\ 

Crew Systems 
Dynmics and Performance 
weights 
Flight Controls 

Tn addition t o  the above LESM groups, the Engineering Research Depart- 
w n t  provided analog caurrputers, computer programers, and the  motion 
simulator for the  prograa; the Flight Test Instrumentation Department 
p-ded instrumentation strpport for  the simulation. 

Particaruhr appreciation is  expressed f o r  the individuaL contributions 
of P. K e l l y ,  Dynamics and Performance Group, for h i s  preparation of the 
simplified flight control system dynamics; S. Salina, Weights Group, 
for their preparation of the vehicle mass and i n e r t i a l  properties; 
8. Housner, Engineering Research Department, for h i s  preparation of the 
problem fo r  the malog corqputer; R. Moncsko, Flight Test Instrumentation 
Department, fo r  h i s  preparation ,of the cockpit display instrumentation 
and d a h  recording equipmnt; and t o  the numerous other personnel assist- 
fag# i n  this pro 
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AIRCRAFT EXGINEERING COFP(XATI0N G 

DETAILED ~ S ~ T I O ~  REPORT 

FOR PHASE A 

LUNAR HOVER AMD LAJYDING SIMULATION 

S P 

This simulation program w i l l  cover the terminal phase of the LEN descent 
to the lunar surface. 
the hover altitude (1,000 Tt. above lunar surface) and ends at such time 
as the 1;EN vehicle touahes down on the lunar surface. The primary objec- 
tives of the simulation program are to determine the basic handling qual- 
ities'of the vehicle and to determine the degree of control required for 
man to fulfill the required finctions of the mission. This simulation 
will utilize an analog computer to solve the six degree of freedom equa- 
tions that describe the vehicle dynamics, a motion device will present 
dynamic cues to the subject, a visual display and cockpit instruments 
w i l l  give visual cues to the subject and cockpit controls will allow 
the subgsct to exercise control over the shulated situation. 

The simulation program begins with the LEN at 

The study programs to be conducted during this simulation have been out- 
lined by the various System and Sub-system groups. These study programs 
have been integrated into an overall test program by the Crew Systems 

The design problems which will be investigated are as follows: 

Vehicle configuration based upon consideration of descent 
engine control (gimbaled vs. non-gimbaled) and Reaction 
Control System operation (rate commanded proportional 
system vs. direct on-off system). These studies should 
give an indication of on-board fuel requirements. 

Vehicle control system configuration as applied to 
This 

study should be designed to deternine the amount of 
manual control desired and required to fulfill the 
requiraents of the mission. In addition, it should 
f'urnish preliminary infomation for the development of 
a suitable flight controls system. The Flight Controls 
Group has supplied a basic control system for inclusion 
in the simulation, 
Furnish desired information as the actual control system 
develops 

nual Control and Flying Qualtities analysis. 

This system will be expanded to 

'Phe degree of automatic control feasible w i l l  be studied 
by a series of experiments. 
this study will be a trade-off investigation of automatic 
control vs. other semi-automatic and manual modes of con- 
trol. 

The prbe consideration in 

This investigation should also give an indication 
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of Zzhe on-board fue l  requirements. 

1 It is  the intention of the simulation program t o  include revisions, 
changes, and modifications as they occur i n  the design of the LE%! 
vehicle and p t  maintain an overall  integri ty  t o  the simulation study. 
%wrd t h i s  and, various groups within the LEN organization have been 
requested t~ supply new information and requirements t o  the System 
Sirm;Ltctiog Group as soon as they are generated. 

‘Data firom the sirmrlation w i l l  be recorded i n  both analog and d i g i t a l  
form. 
be presented i n  analog form and those required fo r  quali tative analysis 
will be recorded i n  d i g i t a l  form. 
simulation, conversion equipment will be used t o  sample the analog 
voltage and convert it t o g i g i t a l  form. 
analog voltage w i l l  then be recorded on either punched 
magnetic tape. 
compiled in to  a suitable working format. 

The q w n t i t i e s  that are to  be used fo r  quantative analysis will 

Because t h i s  is  primarily an analog 

This d i g i t a l  equivalent of the 
paper tape or 

This data would then be processed a t  a later time and 

!Phe Hover and Landing Simulation program is scheduled t o  begin opera- 
t i on  i n  ear ly  March 1963 and run through the end of April 1963 
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A S S m O N S  

To eaable the Homr and Landing SFnnzla+ion t o  be operational as 
QU 
certain asswnptions k v e  2lad t o  be made. 
been made so that the computer program may be kept t o  a reasonable 
size! and complexity. 
program w i l l  begin after the p i l o t  has selected h i s  landing site. 
In  effect the hover maneuver i s  j u s t  about terminated. With the 
landing sits acquired the p i l o t  is  ready t o  begin h i s  descent from 
hover. The simulator program w i l l  have as  i n i t i a l  conditions what- 
ever information i s  necessary t o  es tabl ish the location of the 
landing site and the r e l a t ive  posit ion of the LEN vehicle t o  that 
landing site. 

as possible and yet  =f i l l  the major primary requirements, 
These assumptions have 

It is  assumed t h a t  the hover and landing 

\ 

Same type of on-board system t o  calculate the ground track, ta rge t  
range, vehicle altitude, vehicle-target heading error and other 
such quant i t ies  have been assumed. These i t e m s  would most probably 
be calculated by the on-board guidance system i n  the actual  vehicle. 
&cause these studies are to be conducted assuming t h a t  the p i l o t  
i s  using a visual  contact mode of descent, there has been no attempt 
t o  include a guidance scheme any more complex than that which would 
be necessary t o  dsive the instruments of‘ the motion device. 
r ea l i t y ,  these would probably be a radar t o  give a l t i t ude  and other 
measuring devices f o r  the remaining instrument drives. 
the simulation i s  concerned, a21 of the required i t a s  t h a t  must 
be displayed t o  the subject are available from the geometry of the 
system. The required instrument drives a re  created as an integral  
part of the  cmputer program and tben applied t o  the proper display 
i n  the cockpit. 

In  

A s  far a s  

The iner t ia l  coupling e f f ec t s  of the  main engine gimbaling have not 
been introduced i n  t h e . d e v e l o p n t  of the defining equations because 
of a )  the increased degrees of freedom associated with these terns  
and b) the resul t ing size and cmplexi ty  of the cmputer program 
shou9ii these termer be included. 

The! misalignments of the Reaction Control System jets, a s  caused 
o W i n g  imccumcies ,  have been assumed negligible. 

me 
does not allow for any deflection or s e t t l i n g  of the vehicle as 
is  touches the lunar surface. 
Well be fnvestigated i n  another simulation program. 

The reaction control Jets that would impart a t ranslat ion i n  the 
posit ive and negative x direct ion are not t o  be used for transla- 
tion. This is  assumed because f o r  t h i s  portion of the mission 
the main engine i s  operating and is  throt t lable .  
t h r o t t l e  would allow the vehicle t o  ascend o r  descend and t h i s  i s  

vehicle is considered t o  be a r i g i d  body, Thts assumption 

The landing gear def lect ion problem 

The use of the 
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equivalent t o  a t ranslat ion i n  the posit ive and negative x direction. 
If the x axis  reaction jets were used f o r  translation they would not 

stgnificantly t o  the tiotal thrust  available. 

7) A t  no time w i l l  the reaction control system be called upon t o  per- 
form both a t ranslat ion and rotat ion maneuver a t  one and the same 
time. This assumption is required i n  order t o  allow the computer 
program t o  remain a t  a reasonable leve l  of complexity for the first 
&&wuhtion. 
perform both a rotat ion and t ranslat ion a t  the same time i n  the 
simulated Hover and hnding portion of the mission. 

It doesn't s e a  l i ke ly  that the p i lo t  would want t o  

\ 

Thns propoged s i m l  t ion  progrElin for the Hover and Landing portion of the 
n divided into two Phases. 
r ing groups with information tha t  w i l l  help determine 

The PHASE A simulation w i l l  be conducted using 

PRASE A is  t o  provide 

major design parmeters.  
the Grumnan Aircraft Ehgineering Corporation's Research Department Motion 
Device. This simulation i s  scheduled t o  begin i n  March 1963 and continue 
through April 1963. 
t ion  program, mFAsE B, will incorporate a l l  L M  design improvements and 
modifications. The PHASE B e f fo r t  w i l l  be directed primarily toward 
actual  training and hardware check-out. This PEASE B simulation is  
scheduled t o  begin operation i n  February l9&. 

The second portion of the €lover and Landing simula- 

The PHASE A simulation w i l l  be a manned study t o  determine various major 
design parmeters of in te res t  t o  the Flight Control, Dynamics, Fkvigation 
and Guidance, Weights and Crew Systems Groups. The first  simulation that 
w i l l  be performed shall investigate the basic handling qual i t ies  of the 
present configuration. Provision has been made through the coopera- 
t ion  of the Stmctures Group t o  keep the computer program current with 
the vehicle configuration a t  various stages of development. 
gemetry of the vehicle changes the Structures Group w i l l  notify the 
Systems Simulation Group and a t  the  appropriate t h e  the simulation will 
be updated t o  conf'om with the design changes. It must be pointed out 
that should the Crew Systems Group be running a ser ies  of experiments 
such that any change i n  the computer program would e f fec t  the va l id i ty  
o f  the results, these changes w i l l  be made a t  the first appropriate 
opportunity. It is the intention of the PRASE A s m l a t i o n  program 
t o  allow for as much f l ex ib i l i t y  as possible and yet keep a reasonable 
si te and complexity. 

A s  the 

Them will be no attempt t o  study the v i s i b i l i t y  l imitations of the LE24 
vehicle because the Motion Device is  a single seat uni t  and the actual 

is  a z;wO place module. In  order t o  accurately investigate the 
i b i l i t y  problqms, a two place crew stat ion i s  required. The v i s i b i l i t y  

0 w i l l  be investigated a t  a later date with the aid of a two place 
crew stat ion o r  i t s  equivalent. 
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mere will be no attempt t o  study abort  t ragector ies  during the PEASE 
A simulation program, 
quire %he LEM vehicle t o  experience la rger  and more violent  manuvers 
than would be studied i n  a preliminary analysis  of the vehicle handling 
qualities. 
exceed the limits of' the motion device. 
t ion  device be exceeded then the cmputer would be placed in to  reset 
and a t  that point the cmputer solution would end, It should be pointed 
out that the Hover and hnding  simulation w i l l  give an indication of 
abort  manurnring capabili ty during the descent from hover portion of the 

An abort  t ra jec tory  analysis would probably re- 

mere is  a l so  the poss ib i l i ty  that these manuvers would 
Should the limits of the MO- 

mfssion, should it be desired. 

Tlw study programs t o  be conducted i n  PIIASE A w i l l  be outlined by the 
respsctfve groups and w i l l  be integrated in to  the overal l  stmilation 
plan by the Crew Systems Group. Every attempt w i l l  be mde  t o  provide 
the mixpired data i n  a f o h  that w i l l  be most meaningful and useful  t o  
the specif ic  group that has requested it. 
t o  provide both analog and d i g i t a l  data outputs. 

A t  present, it is  planned 

The Crew Systems Group has prepared an experimental test program. 
test  program is  divided in to  two major parts (manned and unmanned). 
The data t o  be recorded i n  the manned simulations will be directed to- 
ward improving the man - vehicle relationship. 
srPztion will be used t o  evaluate various modes of automatic operation. 
The PHASE A program places most of the emphasis on the manned program. 
Various modes of control system configuration will be used t o  evaluate 
the subjects abilitz t o  f u l f i l l  the  requirenents of a safe landing on 
the lunar surface. 

This 

The unmanned mode of op- 

The Xlynamics Group has prepared the necessary equations f o r  sirmrlating 
the vehicle dynamics. These equations are written i n  general form and 
contain the Pull s i x  degrees of freedom. 
being conducted t o  determine i f  any of the terns a re  of such small mag- 
nitude that they may be safely neglected i n  the simulation. The roll, 
yaw and pi tch order of rotat ion used i n  the development of the equa- 
t ions,  although contrasting with the standard LEI4 sequence of pitch, 
y a w  and roll (as per L ~ G ~ ~ G  MI340 L500-M03-2) was necessary t o  
accomodate the motion i ce  and visual display. The motion device and 
visual  display f irst  presents roll t o  the subject i n  the fom of a left-  
r igh t  t rans la t ion  of the lunar landscape on a TV type projection screen. 
Yaw i s  then accomplished by d i f f e ren t i a l  l i nea r  ve r t i ca l  translations.  
These t ranslat ions take place on the two forward polsts of the motion 
device. 
l a t i o n  on the post a f t  of *e seat. 
about the carried ch axis.  If the seat were pitched pr ior  t o  yaw 
( i n  the  s t a n M  
la t ions  i n  a direet ion other than ve r t i ca l  i n  order t o  accomodate yaw 
about the  carried yaw axis. The presently available motion device is 
capable of only ve r t i ca l  translations.  

A t  present an analysis is  

The cockpit is  then pftched by means of a th i rd  ve r t i ca l  trans- 
This pi tch motion is  accomplished. 

Wer angle sequence) this would necessitate trans- 

For a cmpls te  description of the motion device the reader i s  directed 
t o  a report  issued by the Research Department concerning th i s  device. 



tion should 
nuvess con- 



n device cockpit i n s t m e n t a t i o n  consists of both panel instru- 

o and galvanometer type instruments. 'I%@ c le  flight con- 
vebnPlcle f l i g h t  controls. The panel i n s t m e n t a 3 ,  consist  of 

composed of an engine throttle and a three 
The panel instruments provide visual  cues t o  the p i l o t  arid 
c9ntrols allow the subject t o  exercise control over the simulated 
s i tuat ion.  The quant i t ies  displayed t o  the subject v ia  the i n s t m e n t  
panel and the type of instrument used are as follows: 

QUANTInC DIS€?LAYED 

Range to go synchro 
synchro 
synchro 

Yaw angle synchro 
synchro 

Latiom1 rate 
l a t iona l  rate 

n device cock- 

has been made t o  physically r e s t r a in  the subJects forearm so tha t  he 



. ,  

only h i s  PingertSps i n  the o 

p i l o t  and opposite the 

Z t  inted out t ha t  there is  no provision f o r  the ins t i tu t ion  
of both a t ranslat ion and rotat ion a t  the same time using only the re- 
act ion j e t s .  The computer ell not process these commnds if they occur 
sinrultaneoualy, The t ra ining schedule f o r  the p i lo t s  w i l l  insure that 
*they observe the requirement of commanding e i ther  a t ranslat ion or ro- 
t a t ion  but not both a t  the sane time. 

It has been requested that the use of reaction j e t s  fo r  t ranslat ion im- 
pa r t  no rotat ion t o  the simulation and tha t  when they a re  used fo r  ro- 
ta t ion  tha t  there be no t ranslat ion introduced in to  the system. 
request hrzs been honored and the system w i l l  operate i n  the desired 

This 

er. 

mere are three toggle switches that are mounted on the instrument panel. 
These switches allow the roll, yaw and pi tch a t t i t ude  control jets t o  
be opemted i n  e i ther  the rate commanded proportioned mode or the d i rec t  
on-off mode. 
of a pulse width and pulse frequency modulated control system. 
ini t ia l  m i n i t m m  pulse b i t  i s  increased i n  frequency u n t i l  the l i m i t  fre- 
quency of the  system is reached. A t  such time as th i s  occurs the  pulse 
d d t h  is  increaiised a t  that frequency u n t i l  f i n a l l y  the reaction control 
J e t  i s  on a l l  of the time, I n  the simulation program a function that 

The rate commanded proportional mode is a simplified form 
The 

s the impulse of the control system i s  used and the area of 
ed function is  equivalent t o  the area of the pulses that 

Id be present should the actual  pulse t r a i n  be generated and then 

on-off mode when selected M i l l  be a bang - bang type of 
contral ler  is  moved out the dead-band 

turned on. The tual controller 
neutral  position. If the controller 

w i l l  re turn t o  the neutral  position displaced and then re 
the restoring force presented by the  spings attached t o  the 

equipment that w i l l  be used f o r  the actual  sisrmEation is  composed 
of two analog cmputers, a motion device and a visual display. 

R E P O R -  p570-1 
D A T E  March 1963 
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operates on these inputs and presents the new situation to the subject. 
This method of operation continues until a landing on the lunar surface 
has been accmpolished. 

z 
T.%LSUAL DEF’LAY 

.The visual display presents a lunar landscape to the subject. “he 
landscape is drawn on a flat metal plate and placed in the system. 
There is a light source that is moved vertically as a function of 
vehicle altitude. As the vehicle descends toward the lunar surface 
the light sowee is driven toward the image plate. 
lates the visual equivalent of an actual descent. 
roll is acoamplished by a rotation of the lunar landscape. The image 
table of the visual display is servo driven and rotates in conjunction 
with the roll angle calculated in the computer and displayed in the 
cockpit. The vfsual display is also capable of lateral and longitud- 
inal translation. In reality the visual display presents four of the 

c m  and one rotational degree of freedom). 

The motion sirm- 
The simulation of 

lated six degrees of freedom (three translational degrees of free- 

MO!T!ION DIS?JTCE 

is used to present the remaining rotational degrees of 
ject. The motion device fs a safety con- 

se proximity to the actual 
e safety console is merely an 1 ce between the 

e and the computers. In the even 
tance the safety console has control over the entire simu- 

This 
sole actually begins the simulation operation so as to insure 

Because the computers are located in a r o w  

is capable of t 

of the subject. 

ng it at any point of the run. 

tion device an intercom is provided to insure that 
ubject is maintained. 

6 capable of providing plus and minus 1 5  degrees of 
The y a w  motion is defined 

is system. If this were referenced to the normal 
inus 25 degrees of yaw. 
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The main Function of the simulation program i s  t o  provide meaningful 
data t o  the various LE24 e 
experimental design parameters and, also t o  provide Crew Systems with 
data t h a t  would be he lpfU i n  detemining the man-vehicle performance 
and requirements. 
form. 
,d ig i ta l  data w i l l  be used t o  perform qual i ta t ive analysis. This data 
will be presented t o  the respective engineering groups i n  a form tha t  
w i l l  aid then i n  t h e i r  analysis of the vehicle. 
analysis w i l l  be conducted by the respective System and Sub-System 
engineering Groups. 

ineering groups tha t  have requested some 

Th.e data will be recorded i n  both analog and d i g i t a l  
The analog data w i l l  be used for quantative analysis and the 

The ac tua l  detai led 

The analog data wi l l  be i n  the form of time history recordings. These 
recordings present numerous variables recorded as functions of time. 
The analog recorders begin operation a t  the beginning of the simulator 
run and stop a t  such time as the run i s  completed. 
run that a r e  recorded i n  t h i s  manner a re  available immediately for ob- 
servation and preliminary analysis. 
as t h e  h is tor ies  a re  those tha t  a r e  required t o  determine the dynamic 
behavior of the vehicle as w e l l  as those which a re  required t o  determine 
if the subject has performed the mission within the major l imi t s  of the 
eGeriment design. The time his tory recordings a l so  give an indication 
as t o  the: bas9c frequencies that may be encountered i n  various modes of 
operation. 

The outputs of each 

The quant i t ies  that a re  recorded 

Y 

93x2 d i g i t a l  output w i l l  be formed by sampling various quant i t ies  i n  
Lion, converting them t o  d ig i ta l  fora  with the  use of analog 
converters, recording t h i s  data on paper or  magnetic tape 
by pr int ing out the prepared data tape. 

be $mmdlately available for use as there i s  a time 
ng of the tape t o  printed f o m t .  This factor  should 

not be of signif icant  e f f ec t  t o  the overal l  analysis of the system. 
The reason f o r  the delay i n  the processing of the data tape i s  that it 

It appears t o  
be more e f f i c i en t  t o  process a group of runs tha t  have been performed 
as %he experiment sche&.de defines them and publish a l l  of the data 
concerned with that section of the experimental t e s t  plan. Another 
factor  which d ic ta tes  t h i s  mode of operation i s  that it i s  more desire- 
able t o  s tore  one reasonably large roll of recorded data rather than 
many small ones. 
has available a group of related runs rather than a number of indepen- 
dent o r  effect ively independent runs. 

This data w i l l  not 
o r  required for 

t h e  consuming than the actual  recording time. 

It is  also easier t o  perform data analysis when one 

R E P O R T  IXD 570-1 
D A T E  4 March 1961 



plan b s  been pre 

have request 

by the Crew 2; 
merits of a l l  

A discussion of the experimental tes 
test plan as developed by Crew Systms follows: 

Purpose " 

This study i s  intended to determine those LE24 vehicle handling 
c h k a c t e r i s t i c s  which wil l  provide the optimum control configuration 
tha.1; a l l ows  the p i l o t  t o  guide  the  vehicle t o  a successAnl lunar 
LaWng. For t h i s  i n i t i a l  phase of study, variations wi l l  be intro- 

employed and i n  the damping r a t i o s  of one of the RCS modes. 

The landing phase for purposes of the LE24 mission i s  in i t i a t ed  a t  
a hover a l t i t ude  of 1000 f t .  and within a 1000 f t .  horizontal dis- 
phcement fram the t a rge t  area, selected f o r  touchdown. The vehicle 
would be manually guided by the p i l o t  throughout t h i s  phase, since 
conditions and character is t ics  of the lunar t e r r a in  could not rea- 
sonably be anticipated i n  precise enough detail  t o  allow an auto- 
matically controlled descent. 
system were employed, i t s  failure t o  function would s t i l l  require 
a sui tably designed manual control system t o  a l l o w  the p i l o t  t o  
e f f ec t  a landing within a specif ic  performance envelope. 

7 3 ~  results of %he present study should aid i n  developing opt- 
vehicle control character is t ics  and i n  defining those aspects of 
the manual control system which require more detai led study i n  the 
later siwzlation phases. 

i n  the Reaction Control $stem Modes, main engine configuration 

Even i f  such a Eautomatic guidance 

tboa - 
cI1cc 

The experimental variables t o  be studied and the way i n  which they 
w i l l  be w r i e d  are as follows: 

a. Proportional Mode - Rate c o m n d  proportional t o  a t t i t ude  
controller pocition. 

e - Non-proportional acceleration command, w i t h  
acceleration rate constant. ( o n - ~ i '  Control) 



2, 

a. W i n  engine gimballed 

b. Main engine fixed 

3. 

- I n i t i a l  position 200 9t. horizontal d i  ement . 
b. &r - I n i t i a l  posit ion 1000 f t .  horizontal displacement. 

Under only  the proportional RCS mode, variation i n  damping 
r a t io s  will be introduced i n  the folloving way: 

- 

lhmping Ratio - Four ( 4 )  sets of ra t ios ,  each with a s e t  of 
values established for pitch,  roll and yaw ( a G  shown i n  ‘fable I). 

a. Low Ratio 

b. Medium Ratio 

c. €Ugh Ratio 

d. Analytical Estimate (Best analyt ical  estimate f o r  optimum 
damping r a t i o . )  

Meaaures of P i lo t  Perf o m n e e  

The following consti tute the measures that tdll be obtained from 
each simulation t r ia l  i n  order t o  evaluate control su i t ab i l i t y  
under the above experimental conditions: 

i n  Ehgine Fuel consuned per foot  of vehicle s lan t  range. 
( ./ft ) 

b, N S  Sue1 comsumed per sq, f t .  deviation fram optimwn f l i g h t  
path. 

e .  

d. 

e ,  

f ,  ! E r m i m a l  a t t i t ude  and a t t i t ude  rates. 

g. 

Tot21 f l i g h t  path deviations from an optimurn path, 

TaWl deviations frm center of t a r g e t  arm a t  touchdown. 

Terminal resultant l i nea r  v e b c i t y  and ac 

Pi lo t  evaluations of control codiguration. 

ITI: Procedusd - 
1. Preliminary 
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continue u n t i l  the subject achieve:: the 2 successful landings 
(one fo r  each RCS control mode) and within a time cr i te r ion  of 
120 Geconda. I n i t i a l  conditions for each of the  s e t  of tria3s 
is  shown i n  Table I, 

The in ten t  i s  t o  begin the experimental trials wlth sub 
equal t o  some degree, on landing s k i l l .  It is  also a 
that the time cr i te r ion  can be met i n  a number of 
pre-training trials. 

2. Exp erimental Trials 

A minimum of 3 subjects would be required, each of 
eamrplete 40 tr ials (20 conditions; 2 tr ials per eo 
each subgect). 
necessary f o r  each run. It 9s intended 
for each subject, be carried out i n  the order 
set of 20 i n  reverse order. 
w i l l  avbuale the accptabi l i ty  of the contro 
scale. 

FLve minute brms s h a d  be allowed between e 
with a t en  minute break after the first 20 

I n s t r u c t i o n s  to the subjects would be as follows: 

"Your task i n  each of the following trials 2s t 
the ta rge t  area as you can and as quickly as 
v i m 1  contact w i t h  the  target area u n t i l  
the point of touchdown, a t  which ttme you 
ve r t i ca l ly  to a landing. 

You must a 

10 feet per sec. Your horizontal velocity greater than 5 
frzze-6 per see. with your a t t i t ude  no greater than 2 5Q and an 
angular rate no greater than gO/sec. 
terist ics will vary on each t r ia l  as w i l l  your starting posit ion 

Table I1 establishes the i 

Following each 

l i s h  the landing as quickly as possible. 
your ve r t i ca l  velocity must 

On 
no greater than 

Certain control charac- 
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' These data allov for &etami ions of which ( 
t ions of the experbenta l  eo t ions yield supe 
by the p i l o t  (e. g., whether gbbal led engine i s  
superior t o  fixed engine; proportional RCS mode superior t o  
Mode, etc.  ) a  

several variables in te rac t  i n  a s ignif icant  m 
a given ta rge t  displacement i n  conjunction with 
figuratfon and RCS mode results i n  a s igni f ies  

various performance measures w i l l  a l so  be cibtained. 

In addition it w i l l  be possible t o  determine 

land). The relationships between damping 

In addition, re l iabi l i ty  values w i l l  be obtained f o r  the Cooper 
rating scales and the scale scores w i l l  be correlated with each of 
the pe r fomnce  measures. 

(I 
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been designed and developed 

P'E! possible has been expanded t o  pe 
tu@. &cause this is a 

tb stml.ator w i t h  the a c t a  i 

of the equations 
&mloped i n  a m e r  such that aU- of the requested expe 
able t o  be pperfomed w i t h  a m i n i m  of delay 
ham b@en kept separate where possibl9 i n  order t o  a l l o w  for the rapid 

s fkcm one s e t  of conditions to  another. The instruments have 
.tub.led amd found t o  perfom adequately the type o f  eqeriments 

The simuJ,ation pro- as it is  presently designed and the experimental 
test plan as @ e t  up,shoufd adequately f ' u l f i l l  a l l  of the i n i t i a l  requested 
p a m n e k r  studies as indicated by the various 
During the sintulation program it is  expected that additional study areas 
'wiU b uncovered and integrated i n t o  the overal l  test program. 
l a t ion  is  b a s i c d l y  an engineering design program additional study require- 
mnts will aLso be generated as actual  vehicle design progresses. 
presently anticipated that the fo l la r ing  areas w i l l  be investigated during 
the Phase A Simulation progrm. 

engineering groups. 

As t h i s  simu 

It is 

Flight Control atudies consisting of 
a) ContmL Power Variation 
b) Anagular Velocity Daaping 

Altitude Eold Dead-Band 
Rate (Stab. Augment) Dead-Bnd 
Controller Bead-bands arrd Sens i t iv i ty  

A b o r t  sequencing during landing 

Simlated mralfunc-kions such as engine gimbal run-may, loss of 
rab feedback, RctS failure modes,  i n s t m e n t  display fai lures ,  e tc .  

t ion  of nrLous Lunar landing techniques, manned and 

t ion  af a f i l ly  prqportiorzal gimballed descent engine 
for rmaneuvering. 

Use  of Phase A hudtng  s imla%ion t o  simulate portion of powered 
@scent t ra jectory fran 20 miles dwn t o  hover point. 
of Vaxious radar schemes t o  be used for the descent t ra jectory.  

Evaluation 
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PoUowing is  a 
ces are n0mlI.y 
and as such are 

b l m ,  They w e  inc 
simulation pro 
Hover Elnd Land 

~ E S C ~ ~ O ~  

Equation f3.mmary for €%mer and bnding Simulation L 

I1 

I11 

Definition of Constant and Variable Quantities. 

Definition of LEM bemetry and Schematic Computer 
??low Chart, 

f V  Stm-plified Flow Diagrams 

a )  
b)  Interface Flow Diagram 

Flow Chart for  System Equations 

V 

VIS 

VIIS 

IX 

X 

XT 

,Summary of Defined Constant Values. 

23umnary of Variable and Parameter Scaling. 

Detailed Analog Computer Flow Chart. 

Analog Computer Program. 

Analog Computer Parameter Sheets. 

Photographs of the Hover and Landing Slnrulator 

a )  I n s t m e n t  Panel 
b )  Cockpit Layout 
c )  Analog Computeys. 

Caparison of 
Flight C o n t r o l s  Sys-tem used fo r  Lunar Landing 
Simulation 

Flight Controls Systen and 
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APPEHDDIX PTO. V 
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a) Instrument Panel 

b) Cockpit h y m t  

c )  Analog Cmputttrs 
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SYSTEM AND FLIBIT COMTROL SYSTEN 

USEXI FOR LUNAR LANDING SIMULATION 



purposes am: 

a )  Use of a l inear ized control modulation rUnc 
the  time-average thrus t  l eve l  obtained from 
pulse modulation system. 

b) Simplified RGS CammeaYld logic  
c)  Simplified J e t  dynaaaics using analog computer relay delay times 

t o  approximate actual  on-off delay times, and thrus t  rise and 
decay t i m e s .  

I n  order t o  show the discrete differences between the actual  
Control system and tha t  i n  the landing simulation it w i l l  be necessary 
t o  review both i n  detail. 
presenting each system i n  terns  of descriptions and also by schematic 
presentations. 

I. 

Flight  

The following sections w i l l  be devoted t o  

The folluwing description represento a preliminary system, many of 
the  concepts mentioned below are subject t o  change as the various 
ana ly t ica l  and simulator studies progrcos. 
the below described Stabi l izat ion md Control Subsystem was being 
used 8s the model for the simplified fl ight control system rincorporat- 
ed i n  the landing simulation. 

A. : The Stabi l izat ion and Control Subsystem 

h a u p  Guidance Section ( ).  This discussion c 
Control Electronics Sec t i  

A t  the time of t h i s  report, 

wo sections, thz CIontrol Electronics S e  

B. i p m  1 i s  a block diagram of 

controL channel is  
of the S and 

Sectioa consis-ks of’ four assemblies; the  Guidance 
and Translatio 
Descent Engine 

erived fm %he Attitude Go 
a8 shown. 
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1. 

2, 

3. 

- The Chidance C 
ing for  both a t t i t  

t i o n a l  control,  

ctronics f o  

unde r consideration. 

e tc . ,  to a l l  command and feedback signa&?.. 

Dead-band - A s  shown i n  figure 1, each e b m e l  has an 
adjustable dead band on the a t t i t ude  e r ro r  input. This 
adjustment w i l l  probably be a two lnml &vice, a large 
dead band (say + 5") f o r  coasting period l i m i t  cycles 
Where fue l  econ-&.y i s  paramount and a n a r r w  dead band 
(say + 0.1') for periods of main engine thrusting, 
switcg will control the dead band i n  a l l  three axes. 

One 

L i m i t e r  - Figure 1 s h a ~ s  a l i m i t e r  following the dead 
band on the a t t i t ude  error signal.  The purpose of t h i s  
l imi t e r  i s  to l i m i t  the mte a t  which the vehicle can 
change a t t i tude  and thereby conserve fuel.  

Logic - The logic  se lec ts  the proper reaction j e t s  for 
a t t i t ude  control. The proposed 45' rotation from the 
pr incipal  axes fo r  the j e t s  provi s cmplcte  redun- 
dancy i n  each axis f o r  a t t i t ude  control. I f  any quad 
of j e t s  was truned of f  for any reason, the logic  w u l d  
s t i l l  se lec t  the proper j e t s  to enable f i r i n g  couples 
a t  a l l  times f o r  a t t i tude  control. The Logic would 
a l so  "shut off both" rather  than "fire both" of any 
opposed j e t s  during periods of both a t t i t ude  and t rans-  
l a t iona l  control. 

Pulse Generator - The pulse modulation scheme currently 
under consideration i s  a pulse r a t i o  modulation scheme 
which essent ia l ly  consists of frequency modulation fo r  
s m a l l  inputs and then pulse width modulation f o r  larger 
inputs. I n  the Ekwrgency Attitude mode, and f o r  trans- 
lational. control the pulse generator w i l l  pr0vid.e e i the r  
a s ingle  minimum impulse camand o r  a l a w  frequency 
series of minima impulses. 

Auto t r i m  signaJ. - A s  shacm, the same signal t h a t  goes 
t o  the pulse generator for f i r i n g  the je ts  a l so  is used 
t o  drive the gimballed descent engine. Interlocks are 
provided so t h a t  the auto t r i m  operates only when the 
engine i s  f i r ing.  
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4' 

engine. 

ortionaZ t o  the e l e c t  
s i p a L  canes f r m  the 

system during autamatic 
landing the p i l o t  p o s i t i  

rather t h m  thrust cont 
eration. 

G i m b a l  Drive System - T h . 2  gimballed descent engine i s  
used f o r t r i m  only. 
slaw speed screw-jack type to minimize power require- 
ments. 
the motor runs a t  i t s  fixed speed whenever the input 
signal exceeds a threshold value. Other methods of 
autamatic t r i m  are a lso  under consideration. 

The drive motors are of a fixed 

Automatic t r i m  i s  o€ an open-loop type whereby 

5. Attitude Controller - The a t t i t ude  control ler  i s  a three- 

The 
axis r igh t  hand control ler .  
timeter and a pair  of detent switches i n  each axis. 
poten t imeter  provides proportional r a t e  co-muands i n  the 
Attitude Hold Mode or proportional a t t i t ude  carmaan& i n  the 
Attitude Cormnand Mode (pi tch and yaw only). 
switches synchronize the a t t i t ude  follow-up function i n  the 
Attitude Hold Mode or cammand j e t  f i r i ngs  i n  the Ehergency 
Attitude Mode. 

It contains a posit ion poten- 

The detent 

6. Thrust Controller - The thrus t  control ler  i s  a left-hand con- 
troller which contains a posit ion poten t imeter  i n  one axis 
only, and a p a i r  OS detent switches i n  each of three axes. 
The potentiometer is used €or proportional m m d  th ro t t l e  
control and the detent svitches a r e  used t o  f i r e  the reaction 
jets for t rans la t iona l  control. 

C. Modes of A t t i t u d e  Control: Four modes of a t t i tude  control are 
provided. Figtux 2 through 5 shows simplified block diagram 
of each. 

L, - The Guidance ode i s  a fully aut0ma"Cic mode. 

the Mavigation and.Guidance Subsystem or fwm the Backup 
Guidance Section. 
the dead band and l i n i t e r  and combined with the r a t e  gyro 

ing signa3 as shown i n  figure 2. 
tben controls the f i r i n g  of the reaction j e t s  through the 
logic  and pulse genemting c i r cu i t s .  
tude e r ro r  and ra te )  operates the gimbal drive motor Tor auto- 
matic t r i m  when the descent engine is f i r ing.  The Guidance 
Mode provides ft i l ly automatic a t t i t ude  control capabi l i t ies  
during aU_ phases of the mission except hover, landing and 

r signals are 6 t o  the S Ib C Subsystem from 

The a t t i t ude  e r r o r  signal i s  passed through 

The resultant signal 

TMS sane signal  (att i-  

.. - -  .... .. . _. . . 
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2.  Mti tude  Hold Mode - I n  the Attitude Wold Hode the p i l o t  cam- 

position, the vehicle w i l l  

A s  s h m  i n  f i  

follow up* m e  meter i n  the  
compared t o  the 

This mode is the primary a t t i t ude  contra1 mode ng the 
docking phase of the mission, It would a l so  be used any- 
time the p i l o t  wished t o  reorient the vehicle during coast- 
ing f l i gh t .  

3 .  Attitude Commamnd Mode - I n  t h i s  mode the p i l o t  c m a n d s  a t t i -  
tude proportional t o  h i s  a t t i t ude  control ler  displacement e 

That is, when the p i l o t  " t i l ts"  the control stick, the vehi- 
c l e  t i l t s ;  when he lets go of the s t ick,  the vehicle erects .  
This mode is  used to tmns la t e  during the hover and landing 
phases and i s  mechanized i n  the p i tch  and yaw axes only 
( r o l l  remains i n  the Attitude Hold Moae) . 
t ranslat ing while hovering would be 2 

A procedure for 

( a )  P i l o t  rolls vehicle t o  l i ne  it up i n  the direction he 
wants t o  t ranslate .  ( R o l l  i n  Attitude flold Mode) 

(b)  P i l o t  pitches forward l i nea r  acceleration proportional 
to pitch angle which i n  turn i s  proportional t o  p i l o t  
input. 

( c )  Pi lo t  centers control s t ick  - vehicle e rec ts  and w i n -  
t a ins  constant l i nea r  velocity. 

P i l o t  pitches i n  opposite direct ion t o  stop, 

- 4. - A s  the m e  irrrplies t h i s  mode would 

(d) 

be used only under emergency conditions. 
p i l o t  only with open loop type acceleration control and i s  
therefore selectable on an individual axis basis. The need 
f o r  two types of emergency control i s  indicated; a nzinfmum 
pulse control t o  provide the precision necessary f o r  docking, 
and aa on-off type f u l l  thmrst control for rapid maneuvering 
(or ~ e u v ~ ~ n ~ ) ,  

A s  indicated i n  figures 1 and 5, the on-off type of control 
is  cal led "direct" a d  the m i n i m  pulse control i s  called 

ation; a "one-shot" type whereby one mininun impulse i s  
cammmded each tine the a t t i tude  control ler  detent  switch 
i s  operated; a. "repeated pulse" ty-pe which ccmmmds repeated 
~n~~ impulses at a lcw frequency (less than 2 /sec . )  as 

It provides the 

e". Several types of ttpuLseO control are under consider- 

4 March 1963 
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D, 

E. 

F. 

long as the stick is  out of detent; and a "proportional" 
type which u t i l i z e s  the 
proporctional pulse w i  

Trans la t iond  control 

Thrott le Control: Figure 1 shows a t h r o t t l e  control servo for  
the engine which can accept e i the r  autcmatfc o r  manual cormaands. 
A u t a a t i c  control would be provided fram the  N and G Subsystem 
down t o  the hover point at which t i m e  the p i l o t  would take over. 
Several types of control a r e  currently under consideration. These 
include: t h r o t t l e  posit ion control, th rus t  magnitude control, 
and acceleration control. 

Gimballed Descent Engine Control: Studies are presently undema;Y 
canparing a slow speed ( t r i m  only) gimbal drive system to a high 
speed (maneuvering) type. For either type the input would be the 
same signal tha t  commEtnds the reaction jet f i r ings.  For thc t r i m  
only type a sluw, fixed speed drive motor could be used i n  an 
open-loop fashion to cormnand a fixed gimbal rate whenever the 
put exceeded zz threshold value. Interlocks would be included to 
permit the automatic t r i m  operation only when the engine i s  fir- 
ing. 

' 

Fkmre 1 also  indicates manual trim capabi l i t ies .  
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XI * 

ion con tml  je t s  a r e  used in an on 

A. b n e r a l :  The F Control System dynamics fo r  
t ion  have been sinplified t o  

of analog c-uter equipment red. The following descrip- 
t ion  presents the simplified 

Ma.jor differences and/or simglifications w i l l  

t control system used i n  l ieu 
l e b  Stabilization Control Subsystem deecribed 

aph f , 
be po inbd  out. 

B. : 
fU&t control system for  the roll, pitch and yaw 

Figures 6 md 7 axe the block diagrruns of the 

e a  be seen from figure 6, the gimballed descent engine 
fixed, for  automatic tr*Lm o r  fo r  maneuveriag with 

itude Controller and the Descent Engine 
f icat ion of gains, The p i l o t  inputs are obtained 

t r o l l e r  as s h m ,  

- Attitude control is  provided 
e reaction ,jets, I n  m3dition 

prov?tsi& has been mad& for %he evaluati6n of a 2uU.y pm- 
portiona.3.. gimballed descent engine for a t t i tude control, 

(a,)  

(b) 

Dead-btwd - Provision has been made fo r  
t o  give pxvper l fmi t  cycles i n  

f ied  Logic hem been devised f o r  a t t i tude  
the reaotian j e t s .  %'his logi  

cation of the j e t s  as 

c 104, while the s 
on page 105. It s 

no mmen6s and the force8 
Y e  

{ 4 - The pulse moduLPztion scheme c tb 
ion, c?onsisLs of frequency moauZation 

f o r  small inputs and then pulse modulation f o r  larger  
inputs. For the rig Simulation, t h i s  scheme was 
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2. 

3 *  

b* 

simplified by using a l inear ized control modulation 

(d) Automatic Trim Signal - A s  shown, the same s igna l  t h a t  
goes t o  the reaction control system f o r  f i r i n g  the jets 
a lso is  used t o  drive the gimballed descent engine. 

{e)  Proportional Gimballed Descent Ehgine - Provision has 
been made for readi ly  adopting the simulation t o  the 
use of a proportional gimballed descent engine f o r  
a t t i t ude  control i n  conjunction with the reaction 
control system, 

Translation Control Provision - Provision has been made i n  
the Lunar l a d i n g  simulation f o r  the evaluation of t rans la t ion  
control using the reaction j e t s .  
modified f o r  t h i s  evaluation such t h a t  only pure translation- 
at accelerations are experienced by the vehicle. This s i m -  
p l i f i ca t ion  i s  considered va l id  as t rans la t iona l  control 
@ o d d  probably be used during hover o r  landing while the 
vehicle is i n  the a t t i t ude  c ad mode. Trmalat ional  
control is  provided along the Y and 2 axes only. 

The control logic  has been 

Atti tude Controller - The a t t i t ude  control ler  is a three- 
ax is  r igh t  hand f inger t ip  controller.  The yaw a t t i t ude  is 
controlled by a l e f t - r igh t  
the p i tch  a t t i t ude  is  controlled by fore and af t  motion and 
roll a t t i t ude  i s  controlled by a t w i s t  motion of the controller.  

n t  of the control ler  arm, 

- The thrus t  control ler  i s  a l e f t  hand 
which contains a posit ion potent ime 

s only. 

as .3  seconds. 
vided a t  the top of the t h r o t t l e  and i s  used t o  fire the 
reaction jets for t control. 

The t i m e  constant chosen fo r  th rus t  buildup t o  
d at the law t h ro t t l i ng  range b s  %en selected 

A modified trim detent swltch h ~ s  b e n  pro- 

: Two modes of a t t i t ude  control are 
sion has a l so  been made f o r  a fu l ly  

a l l ed  descent engine for maneuvering. 



1. Attitude Hold Mode - Xn the Attitude Hold Mode the p i l o t  
C 

controller.  

and the vehicle w i l l  hold a t t i tude .  

ds a rate praportional to displacement of the a t t i t ude  
When the control ler  is i n  the neutral. position, 

goes to zero, the a l t i tude  loop i s  closed 

2. Ehergency Direct Mode - This mode provides the p i l o t  with 
d i r ec t  access to the reaction jets and results i n  an open 
loop type acceleration control. 
type RzlL thrust  control w i t h  no ra te  feedback o r  a t t i t ude  
hold feature 

This mode is  an on-of€' 



r 

I 
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i t l m  
SLazp Denotes Jet  Selection 



a s ~ ~ ~ d  to act di. 
not aments, 

As can be seen by comparison of correct vehicle logic and the  analog 
t i on  equations, 
logic i n  tha t  

of reaction jetis. The 
itch a d  vehicle yav meuvers are 
vehicle logic produces for t h i n  c 

d vehicJ..e. The probable oc 
pitoh and vehicle yay i s  

t s  of short; duration and t 

or updating the 
hplernented if 


